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IN SITU CHARACTERIZATION OF SOILS FOR PREDICTION

OF STRESS-STRAIN RELATIONSHIP

. Introduction

The solution of most geotechnical engineering problems requires a

knowledge of ' engineering properties. One of the major difficulties in obtaining

soil properties accurately is the . disturbance during sémpling or the use of

_.penetration methods of in situ testing. which alters the engineeriyg properties.

D i e PR N

In si*u testing techniques, however, have begun to play an increasingly important

role in the determination of soil properties. This trend towards in situ testing
techniques could be ascribed to several reasons as follows: (1) the soil is tested

in its in situ environmental conditions which influence the engineering properties,

Q) continuous data through the profile may be obtained, and (3) properties can

be obtained in cases where obtaining undisturbe& samples is very difficult, such
as in the case of sa.turate.d sands.

Presently, several in situ testing techniqﬁes are employed for the evaluation
of soil prcperties anq for the-establishment of empirical criteria for the prediction
of potential beshavior of soils. The staqd#rd penetration test (SPT) and the <one
penetration tést (CPT) are the most widely used in situ testing. t;echniques.
Other i.n situ testing techﬁiques such as the pressure meter test (PMT), the lowa
Bore Hole. Shear Test (BST) anc_i the dilatometer a?e being uSed on a modest
scale. | ‘ |

The reliability and usefulness of test results obtained from the in situ

testing techniques described above are limited owing to v‘ariqus reasons. The

drainage conditions in soils during the in situ testing may be unknown in some
tests. The failure moces may-hot simulate those anticipated for the actual

project and in some cases the exact iqilure mode is unknown. Due to these

unknown drainage and failure conditions, and the .l“specific. nature of testing

e e g e e L f e e et e b, e . “ . ey e ey e e .
LR T P e SR MNP o P R TR SRR NP PP R TVt P o el %t
. . W . R R R B S el L .

g PO

.

| R A N AT A RN i

R IR B




procedures and the failure mode simulated in dxfferent techniques, mterpretanon
of the test results is hxghly empmcal at the present time. The generalization )
of the test results, obtained from the current in situ tesfmg techniques in order

to anal ze soil behavior under general loading conditions and various ‘drainage

and boundary conditions, is very difficult. ) . .

A nondestructive method of chatacterizing partxcula e systems is presented
by considering the electrical propertles of sonls wluch can be determmed in‘ situ
without causmg'.dnsturbance to the soils. The objectives of this report are: "*

1) characterization of soil by electrical methods '

2) quantification of the compositional and'aggregate properties of soils
in terms of electrical parameters ;"

3) quantification ef the inter- and intra-cmsger void ratios '

4) establishment of correlations between electrical parameters and
compression index, A, swell mdex K, and the slope of the critical . _:
state line, M for soils }"

5) methodology to predict stress strain relationship of soils in situ

6) establish correlaﬁon between K, and the electrical parameters. __ i

2. Characterization of Soils by Electrical Methods

B ,74,_,‘%‘" an alt..matmg electncal fxeld is apphed to a clay-water-electrolyte
system, a respense is produced which can be measured in terms of a resnstance, '
R, and a capacitance, C. ‘ The measured value of the capacitance can be o ::: .

converted into a quantity known as the dielectric constant. -This value is defined
as C/ C o in which Co 'i's:vthe ‘capacitance of a condenser with on'v a vacuum
between the electrodes. The dlelectnc constant is actually a measure of the
abulty of the clay to store electncal potentnal energy under the influence of

an electric field. From a knowledge of the dimensions of the sample the
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dielectric constant and conductivity can be calculated from values of R and C

using the following relationships.

£'e =% (1)
o=g—x ’ (2)

in ‘which d = length of a specimen; A = cross-sectional area; and €, = the

-14 farad/cm).

dielectric constant ¢i vacuum (8.35 x 10

The. dielectric 'constant of a dry silicate material is about 4.5, and that
of water .is about 79. A mixture of soil and water should, therefore, have a
dielectric constant weighted between 4.5 a.nd 79. However, when the dielectric
constant of a clay-water-electrolyie system is measured with an alternating
current in the radio-frequency range, it is found to be in excess of the sum of
the weighted dielectric constant of the components. This measured&alue, €',
refecred to as the ;'apparent dielectric constant," reflects the heterﬁgeneous
nature of the path of the current and the electrical properties of the pore fluid
and the clay mineral as shown by Arulanandan and Smith (1973), ,

* When the conductivity, ¢, and apparént dielecu'i;': “constar.t, €, of a
cohesive system are measuréd as a function of fremneﬁcy, in the radio‘ frequency
range, it is found' that ¢'.and o vary as shown in Figure 2; This variation of
o and €' is referred to as electri'cal dispersion. However, for a granular systerﬁ
it has been observed that 0 and €' are independent of frequency (see Figure 1).
It is thus possible to classify all particulate systenfs into two groups. All
coﬁesive systéms are characterized by electrical dispersion behavior and granular

sy'stems by nondispersive electrical behavior.
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This method of classification is non-destructive, quantitative and
fundamental in nature as opposed to the ‘present qualitative, arbitrary methods
of classifying cvoils based on grain size and plasticity indices.

The factors that influence the magnitude of dielectric dispersion Ae ° (see
Figure 2) were investigated in detail by Arulanandan et al. (1973). It was shown
that Aeo depend predominately on the type and amount of clay mineral aid the
fabric having a second order effect. Thus the composition of cokesive soils can
be cha;'acterized nondestructively and quantified in terms of the ‘parameters
Ae o The significance ot thiz farameter to the classification of soils, Arulanandan

et al. (1979, to the prediction of cation exchange capacity Fernando et al.

(1975), swell potential Basu and Arulanandan (1973), lime reactivity Castle and '

Arulzanandan (1979), eérosion potential Heinzen and Arulanandan (1977) and
compression index Scharlin (1974), has been demonstrated.

2.1 Electrical Models to Predict Electrical Dispersive Buhavior

Arulanandan and Mitra (1970), Arulanandan and Smith (1973) have shown
it is possible to describe the electrical dispersion behavior of .soils in terms' of
an electrical network model, |

The current through the sample is considered to have three paths (Figure 3)
(1) through the intercluster solution and clust‘ers, (2 tl;\rOUgh ciusters in ¢ontact

with each 6ther, and (3) through the interclustér solution. The corr'esponding

_three element model representation of the impedances of individual components

is shown in 'Figure be.,
Referring to Figure 4c, k . = conductivity of ‘the solution, € = dielectric

constant of the cluster, € = dielectric constant of the solution, a = area of

S

cluster-solution path, b = area of the particle contact path and ¢ = area of the :

solution path. In the case of soils saturated in, water, € is dpproximatety 79

',_énd ks is approximately equal to' the conductivit'y of the pore fluid.

4.




The expressions for the apparent dielectric constant, €', and the apparent

conductivity, o', have been .,uru utilizing the electrical networic theory as

follows: ,
t-:k?'- ekz eez_eze,' :
€' = d(la-ld)s {lids + 3 L, wla? (-1—:d—s + -—:’—-s-)} +be, +ce, (3)
2 2 2 . :
o' = TS {T{:" + k;ks + mm.2 '(-j—f? + —";_—SQ)} + bk +ck (4)
where
s ya153
S (;S:—d- + :_r)Z + 'mZaZ (?—fa + ;)2
f current frequency ‘
a capacitance of a unit capacitor in vacuum (8.85 x 107 'farad/cm)
kr conductivity_ of the cluster
€ dielectric constant of the cluster
| ks conductivity of the solution . :
€ .dielectric constant cf the solu‘t'ion'
a x-séctjonal area of clus;er-soiQtion paih
b w-section'a{ area of .partiéle contact path
c, 'x-se\":tiopal"area of sélution pafh A
' d length of path in the solids in the solid-solution phase,

2.2 Quantification of Inter- and Intra-cluster Void Ratios

. Anandarajah (1982), Aruianandan et al. (1983) equated the three element

. eisctrical model, Figure 4a, described in. the préviou_s pages to the model shown

in Figure 4b in order to obtain the volume _prdpgrties such as porosity.
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- Defining:

cluster tortuosity,

solution tortuosity,

but A

a.
1]

[ ol IR
o fr—
-+ o
L [1]

' Therefore

l.ll = Led and

.and assuming electrical volumes

. Then

AZe * Lo =‘L.A2.l

At *L3e =L * 4y
Atle * L11e = Iy

Aj2e * L12e= Ly
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YW= =TT L

N
1"

-
[

r

. ’ . 2
Al + Az + A3, i.e. | atlt2 + btl + Ct

=
N

1
*t

€

1 -d=

[l

N

2
2

equal to'true vojumes.,

AZe/AZ = l/tl
Aselhy = 1/,

Alel/y = Uty

"

Ar2e/dy = 1ty

1

(5)
(6)
(7)
(8)
(9)

(10)

(11)

(12)

(13)

(i3)
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- (18)




Considering the three el?ment mode! 'and the above mentioned definitions,

and assumptions, one can show that:

a :krkg Y sf t2 2,2 rg
[o] = d(l~d)s [l(l-d) ('t_z) + T‘ (;T)} + {‘(—y (—'-) +
2
2L :3)}1 + bk + ck - an
d tl r S ' , !
and
a krsf | tl ks f 2 g
= Jd)s [{m; (E) +* g (—)} + 2 {(—Y— (—-) +
2
e es t
st (%)}1 +be_ + ce, (i8)
. where
s l r t
s = [(———)( ( )] Q [(T‘ET ( ) + —— (——)] (19)

The. cluster dielectric constant depends on amount of water in the clusters

'and solids. Therefore, using the simple mixing gule proposed by Arulanandan

(1980)
€ =np e+ eprt (l—nl) ~ -(20)
'where:
€ L diélectric constant of water
ep rt = dielectric constant of dry clay particles
ny = c.uster porosity v

but €prt is measured and fo:nd to be in the ranée 5.5

and € is measured and found to be in the rahge 78 - 80,
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Thereiore, assuming €_ = 79and e = 4.5

prt
N i | (21)
1 74,5
but
n, ,
el = 1on (22)
I .
Hence,
O Tt | (23)
1779 -¢ .
r
and
v __%
"p Vp+Ve ~ lse e (24)
" (e - |
e = l+e - ' (25)
1- 1 L
P “p , , _
but
AL ,+A
" Nt Yk (26) -
n, = a(l-d)tltzoc?z , (27)

A digi®al computer optimizatioh program utilizing ﬁe simplgx method was
employed to analyze the dielectric constant and conductivity dispersion curvé;.
The optimization prcgram determines the vaiues of the geometrical (a, b, ¢, d),
compositional (ér, ker Kgr cs) and tortwsit& (tl, t'z) parameters of the model

shown in Figure 4c such that the frequency dispersion curves of the apparent




dielectric constant and conductivity calculated from the theoretical Equations 17

and 18 fit the the experimental results within acceptable error limits. € the

dielectric constant of water, was kept constant at 79 during all compute: runs,

There are, in fact, eignt random parameters b, c, d, €. kr' ks, t ty
involved in the curve fitting procedurel by optimization technique. At first sight,
it might §egm that the choice of eight seemingly random parameters would be
enough to fit almost any set of curves and. that the physical meaning of the
re;ult is doubtful. It 'is important to realize, however, that only the three
ir\dependént geométrical parameters are genuine unknowns (b, c, d) and as b = 0,
therel are only two independent unknown parameters, "c” and "d". The respeciive
conductivities, kr and ks' of the cluster and the interstitiél solution and the
dielecﬁ;c constant of the solid particles must have values that are reasonable
from the point of view of physical science. One Mld expect the conductivity
of the interstitial solution to be of the same oider as the conductivity of the
pore fluid extract; t.he oonductiviiy of ‘the swolid should be of the same qrder as
the i'soconductivity value (Nulanamjjan et al., 1973); the dieiectric constant of

the clusters should be between 4.5 (the dielectric constant of dry silicate mineral)

and 79 (the Gielectric constant of pure water), depending on the water content.

A;thbugh these limitations were not writtgn into tﬂe corﬁputeé program, the
numerous ‘r.esults obtained in earlier investigations show that the requirements
were weed met. However, a large number of computer runs is necessary to
select the best set of parameters that (>it the'experimentallCurQes and are
reasonable from a physical. science point of view. Thus the thrée-glement'
electncal mode! can be used to quantnfy the inter- and mtra—cluster void ratnos. _

The quammcatnon of the inter- and nmra-cluster void ratios by the above

approach. is tnme-consummg. as several computer runs are needed t be made

~ to obtain the model parameters, combined with a certain amount of judgément




needed to chcose the right parameters. vThis, is due to the fact that Equations 17
ahd 1.8 are h';ghly non-linear. In order to make the optimizaticn technique more
efficient "a.nd to choose the suitable model parameters, it was thought necessary
to impose an additional constraint in the optimization. This would be achieved
unhzmg the measured water content of the soil. Once the dielectric constant
and condu;:tiﬁty of the sample in the radio frequency range is available, to get

the model parameters and hence the inter- and intra<cluster void ratios one

needs o optimize the resuits due to the nonlinearity of the problem.

For this purpose optimization . program called "Simplek" is used with
vmodific'ation t suit the problem.

Subroutine Simplex is ‘called from main prograrh "Opti” and cos* function

"Funct” is called by Simplex.

In the cost function "Funct® using the predicted model parameters
dielectric constant and conductivity are calculated in the frequency range and
compared with measured to obtain the minimum percentage error. To this cost

function another term is added to take into account the difference between

: Aa.lculated-a\d measured water contents.

 There are several constraints imposed on model parameters to obtain a
realistic 'picmre. {(All modei parameters shouk! be positive.) Eight parameters
are considered as variables namely b, ¢, d, 'tr. kr' ks' t, and tz.' Model parameter
a is obtained from the ‘following condition o

2 2
atltZ’btl'l‘CZ =,_l . . (10)
Following constraints are imposed for the model .
0 <b <03 |

< e < -
.yO_c_Cm“

03 <d <10

l'o..'




max and € r are normally set at 0.5 and 8.0 respectively but could
' min . . '
be changed in using input data. k_ |, ke ok, ,and k are given as
. min  min Tmax max
data for' the problem. Successful optimization with least amount of computer

S

time invoives selecting a narrow range for ks and kr while keeping it within

the expected range.

As the problelm is highly @nlinear, mostly it h'its a loc;l minima, instead
of true global minimum. To avoid this situation the computér program shouid
be run sevelral times with different initial values. Program "Opti" allows to
change the starting points and number of runs requfred. It changes the starting
value of ¢, d, .c'r, t and ty ’b'etween the speciﬁed values given as input data,

Even with' several runs of different starting points it is extremely hard

to hit the local minima. Therefore one should, select a local minima which

gives close values of inter- and intra-cluster void ratios for vertical and horizontal

measurements.

This ‘cons‘tn‘mg for selecting local minima as the optimum poiﬁt is quite
just-i!iabfe as irréspective of the di:rection of electrical meamnmenl'\t. one should
get the same cluster void ratio even In 'highl'y mnlirfe& problems like thi.s..

2.3 Formation Factor and Shape Factor

'F_ro,m the low ﬁeque,hcy (1 KH2) conductivity meastraments, the formation
factor F is defined as the ratio of the pore. fluid conductivity, ) to the soil
sarﬁple conductivity, o, as followss

11




F = OS/U o . | (28)

The formation factor has been shown to re’ate to the porosity and anisotropy
of soil particles, Arulanandan et ai. (1979). |
The formation factor was shéwn to be a tersorial parameter with *2nsorial
components related to the microstructural features in soils, Dafalias et al. (1979).
The average formation factor F and the anisotropy index, A, are defined, for

a transversely isotropic soil, as follows:

F=(F,+ )03 - (29)
AZ = F IR, | (30}
where:
Fv = formation factor vin the vertical direction
FH = formation: factor in tbe norizontal direction

An integration technique proposed by Bruggeman (1935) was used by
Dafalias and Arulanandan (1978) to derive an expression for average formation
factor, (F, as a function of porosity, n, and average shape factor, f, as

F-nl | 7 (31)
The average shape factor, T, is the negative slope of the log F - log n. plot.
"It is the first invariant of the second order ;hapq factor tensor f and it relates
the electric fields insid; and outside the soil particles. It has been shown both
theoretically and experimentally that the shape factor is direction dependent
| and pends on porosity, gradation and particl:s’ shapé and orieﬁtation,
Kutter (1978), Arulanandan et al. (1979), Dafauas et al. (1979), and Arulmoli

(1980).| Since the average formation factor is independent of orientation of

12
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particles, the average shape factor, for a given soil, is expected to be a function
of porosity and the shape of particles,
The electrical parameters F, A, T of soil deposits are. governed by the

grain ard aggregate characteristics of the particles.

3. Experimerical Procedure and Results

A detailed experimental study was conducted to investigate the variation
of stress state with the elelctrical parameters for several soils. For this purpose,
it was necessary to develope a series of identica: célls to measure the stress
state and electrical parameters simultaneously.

Four identical circular cells of internal diameter 2" and height 5" (Figures 5
and 6) were fabricated out of teflon tubes of %" thickness. Two of the cells
were used to measure electrical paralmeters in tﬁe vertical and horizontal
directions and the other two to measure ‘total lateral 'pressure and pore water
pressure.

The cell used for the determination of electriéal properties in the vertical

direction consists of two perforated brass electrodes placed at top and bottom

of th» sample. The Qtﬁer ceu? used fot‘the determination of electrical properties
in thg horizontal direction consists of two curved brass electrodes of radius of
o q.lr‘va.ture 1", lengtf 2" and height, 1%". These electrodes \a(ére embedded iIn the
| teflon wahs on diametrically opposite ends. . The elecirodes in the cells were
connected to the impédance analyzer by a 6" long coaxial trahsmission cab:'e.

L Since the imm&m- of the transmission line and.ceu ‘was very significant
in the radio frequency range, its effect had to be elminiated by 'calibl;ation.
' The calibration procedure used by Anandarajah (1982) was adopted using water
of known conductivity and dielectric constant of 79. Hewlett-Packard impedance

analyzer (Figure 7), which is designed for precise impedance measurements in
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the frequency range of 1| MHZ - 1000 MHZ, was used for the measurements in

the radio frequency range. A low frequency impedance comp_aratorl (Figuke 3)

was used for the determination of sample conductivity and consequently the .

formation factor - at a frequency of 100 KHZ. The cell was hcalvibrated to
obta'in_ the cell constant using the low frequency impedance comparator aloﬁg
with water of known conductivity.

Watet; conductivity and pore fluid extract conductivity were measured

using Beckmann conductivity meter (Figure 9).

. Pressure transducer model .PG-003-5C was fitted to one of the cells for

the purpose of measuring the total lateralA stress and it was in tum connected
to a Daytronic digital strein indicator (Figure 10). As the surface of the
transducer was not curved, a curved pad was made using silicon glue, and the
transducer was calibrated by applying hydraulic pressure to the cell, Thls
calibration accounts for the effeéts of the pad and the strains induced by fixing
the tﬁnsducer to the cell. |
Pore . pressure transducer model GT-300 was fitted for the purpose of

measuring the pore pressure variation during conschdatxon. A small porous stone .

was mserted between the cell and the transducer for the measurement of pore

water pressure. The transducer was con ¢Cted to ‘the Budd strain indicator '

(Figure 11). The transducer was calibrateu - before fixing - using air pressure
in the working pressure range. . |
The'soilsbu‘sed were:
‘1. Snow Cal (60%) + lllite (40%)
2. - Snow Cal (95%) + Bentonite (5%)
3. Yolo Loam
4, Marysville Red Soil

3. Na - Illite
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6. Kaoline - M.P.
7. Snow Ca! (70%) + Bentonite (30%)
and ‘
Mixed souﬁ, detailed proportiohs are given in Table I.
~ Each soil except mixed soils was ‘sieved through a #200 mesh sieve.

Sufficient amount of water was added ,to‘ the fines to bring the water ccntent

‘to about 3-4 times the liquid limit of the soil. This procedure ensures that the

sample would behave very sirhilar to a sample sedimented from a dilute suspension
Olson (1962). The slurry was mixed for 6 hours in a mechanical mixer and kept

inside a vibrator -under a vacuum pressure for 24 hours to ensure complete

saturation. Then the sample was kept for 2-4 weeks for it to ‘attain equilibrium

with its bore fluid. The samples of Yolo Loam, Marysvilie Red and Kaoline - M.P.
were prepared with 0.05N salt solution. |

The mixed six soils were prepared by mixing certain proportions of sand,
silt and clay. Soil samples were mixed with a 0.05N solution (2.925 gm of NaCl
in 10C0 cc of distilled watér), and left for about twenty hours to achieve a
state of equilibrium.

The electrical properties - R and x (resistance and reactance) - both in
horizontal and vertical directions, lateral stress and excess pore water pressure

were measured at each stage of consolidation.

" The electrical ‘dispersion’ data were obtained by reducing the impedance-

~ analyzer data to take account of line impedanre.

The dispersion data were plotted and joined by a smooth curve to eliminate

any calibration and measuring errors. Sub;eQuently data points. extracted from

. those curves were used for the optimization pmgrém to get the three element

model parameters and the intra- and inter-cluster void ratios.
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The electrical dispersion curves for mixed soils at different water contents
are presented in Figures 12-}5 for loading and unloading condition in both vertical
and horizontal directions. The optimized model parameters using the experimental
dispersion results corresponding to different water contents are presented in.
Tables 2-13. The formation factor, F, was plotted against the total porosity, )

n, and is presented in Figures 36-48.

3. Electrical Properties in Relation to Mechanical Properties - v
| It has been shown that the principal factors inﬁqeﬂcing the dielectric
dispersion of fine grained soils ‘in the radio frequency range (108 - 108 HZ) are
the compositional properties of the different phases and the heterogeneous nature '
of tne system. The gngineéring properties of fine grained soils are also controlled
by these factors. This mutual dependency is used as a basis to correlate the
electrical properties to mechanical properties. ol
The purpose of this research is to establish possible correlations between : L’

those parameters which are needed for the prediction of stress-strain tehavior

of fine grained soils and the appropriate electrical paran‘:eters. It wili then be
possible to determine the stress-strain behavior of fine grained soils Sy est_imétiﬁg . r
.these mechanical properties from the above correlation and using .them in a ,‘ ‘ B Z-_;
suitable constitutive m;)deL This approach facilitates the dete{@[@g}iq;\ of the

stress-strain- behavior of soils by nondestructive in situ measurements since the :

AT e,
S T

electrical proberties can be determined in situ without disturbing the structure
" of the soil. | - |
Any con!;titutive model for the prediction vofvstress-strain béhavicf of fine ' .o :
‘grained soils would require the knowledge of the slope of the consolidation line,
x,' the slope of the swelling l_ina'e, K, the slopé of_fhe critical state l;ne, M, th§ -
initial v_c)id ratio, e, and the overéonsolidation ratio (aloﬁg with other model 2 ",.

parameters apprépriate_ for the model under consideration). These parameters ~.
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are defined in Figure 51. The water content of the fine grained soils can be

determined by conventional procedures and the initial void ratio, e, could be

evaluated. The correlations between the electrical 'properties and the mechanical

~ properties A, k and M for normally consolidated soils would be established in
the follewing sections.

8.1 Siope of Isotropic Consolidation Line, A .

Bolt (1956) attemp'ted to predict the compressitility characte.risfics of
clays based on the concept _of osmotic pressure using GOuy-Chapman diffuse
double layer theory ahd Van't Hoff's theori'es of parallel platy particles.
Experimental cofnprjession characterics of Na-montmorillonite and Na-illite were
found to be close to the‘pr"edicted, relationships. The theory, however, was
found to be valid only for clays exhibiting very st.ronlg colloidal properties such
as montmorillonite. Derivations rrom Bolt's findings have been reported by
Mitchell (1960) and Olson and Mitronovas (1962) and are ascribed mainly to
particle orientation. Quigley and Thompson (1966) have observed fabric changés
in nat'ural Leda clay during consolidation using X-ray diffraction methods. It
has' been shown by Rosenquist (1958) that the compressibility of clay is dependent
on the type as well as the valence and concentration of ions adsorbed on the
surface.of the clay particles. Further, Olson. and Mesri (1970). have céncluded

. thaf'both mechanical and physico-chemical factors influence the compressibility

of soils in genér;al', although one or the other may dqminaté depending on thell

| soil type.

" The factors infiuencing'thé magnitude of dielec‘tfic dispersiqn, Aeo, were
investigated in detail b'y‘ Arulanandan et al. (1973), It has been found that Aeo
is siénificantly influenced by' type apd amount of cfay mineral. - The values of
Aeo were shown to increase in the sequence kaolinte < jllite < "montmlorillon‘ite.

The compression index of these soil also increases in this sequence. The
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magnitude of dispersion decreases with an increase in percentage of sand in
sand-clay mixtures Arulanandan et al. (1973); so does the compression index as
it is widely known. Olson et al. (1970) have shown that the compression index

of kaolinite is decreased when the electrolyte concentration is increased from

. 0.0001 N sodium to 1.0 N sodium and Arulanandan et al. (1973) have shown that

Ae o also decreased with increasing electrolyte concentration.

The 'preceding discussion suggests that the factors influencing the
mechanisms contrelling the compression of clays and magnitude of dielectric
dispersion are the same. Based on this mutual dependency, Aeo has been
correlated with A.- Sharling, J.R. (1972) has shown Ithat there is a linear
relationship between Aeo and A for natural clays as shown in Fig. 52. Further
results éonﬁrm the 'generalv validity of this relationshi; between .Aeo and A.

3.2 Slope of Isotropic Swelling Line, x

The swelling characteristic of saturated clays due to the removal of

external load has been investigated by fnany, either by mechahical models such

as the one used by Terzaghi (1929) where swelling is assumed to result from -

elastic rebound of bent particles or by physico—cﬁemical models such as the one

used by Bolt (1956) where osmotic repulsive forces are assumed to be responsible

for swelling. Although it has been _possible'to explain the mechanism controlling

swelling characteristics by the above concepts it was not very successful owing,

1o the complicated structural arrangements of particles in clays.

The concept of ,'clustérs in fine grained soils (Michael et al. 1954 and . -

Quirk, 1959) has been utilized by Olsen (1961) in his study of hydraulic flow

through saturated clays and he concluded- that the discrepancy between the
‘measured permeability and the one predicted by Kozeny-Carman equation' in

clays is mainly due to unequal pore ‘sivzes due to grouping of clay particles ‘in

18
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clusters. The existence of primary particles aggregation has been observed by
many using electron microscope, Quigley ej: al. (1966).

| Fig. >3 shows variation of intra- (eI) and inter-cluster (ep) Qoid :"atios
with total void ratio evaluated using electrical dispersion data for Snow Cal
(95%) + Montmorillonite (5%). The results corresponding to measurements made
in the vertical and horizontal directions are iqentical and are very similar to
those predicted by Olsen (1961).

Fig. 54 shows for mixed scils and Fig. 55 for cl#ys the variation. of
intra- (eI) and inter-clustef (ep) void ratios with total void. ratio evaluated using
electrical dispersion data. '

It has been shown that the sﬁeuing of fine grained soils is éused by
swelling of clusters Smith and Arulanandan (1581) and the decrease in inter-cluster
pores during compression is irreversible Meegoda (1983). | |

If the ratio of intra-clustell' to total void ratio is large for a given soil,

_the elastic compression due to an increase in the external load would be high

and consequently swelling would also be high when the load is removed. Assuming

this ‘mechanism of swelling, the ratio, eI/e ir cqrrected with K as shown in
Fig. 56.
" 4.3 Slope of Critical State Line M of the Bounding Surface Theory

When a soil element is sheared under drained or undrained conditions,

experimerital results indicate that the soil element fails when the stress. path

. roaches the critical state line indepenvient of the initial stress state of the soil

element (Schofield et al.,‘ 1968). At failure, the void ratio, e, and t;ie ef_fective
mean normal pressure, p, lie on av unique line, re.ferred to as a critical state
line on the e-p space. This concepi is widely known us the critical state concépt
(Roscoe et al, 1968). The slope of ‘the critical state line, on the p-q space,

therefore represents the ultimate shear'strength of soils.
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Lambe (1960) has discussed the factors controlling ultimate stear resistance
of fine grained soil which is considered to be due to friction and interference )
between particles. These components of ultimate shear resistance and hence M

would depend on many factors such as particle size, shape, surface texture and

the structure of th: soils resulting from the attractive and repulsive forces
between' the adjacent clay particles. In fine grained soils, the shape factor

would reflect in addition to shape of the particles the physico-chemical interaction

between particles. In 'other words, the shape factor. 1, is a function of the
| shape, composition and arrangement of particles. |
Soils which exhibit higher anisotropy were found to have lower strangth
when mleasurements are madé in the direction of the. major prinicipal - axis. _ N
Based on these considerétions, an attempt is made here to correlate M with an

electrical index defined as a function of A and T.

The values of M are obt‘ained from the norma.lly consolidated undrained
test results. A computer program developed by Herrrﬁann et al. (1980) for the
calibration of bounding surface the;)ry {i.e. evaiuation of model parameters by
'ﬁ\atching theoretical and experimental stress-strain relationships) was used to ' r___
obtain the values of M. A direct assessmentl from the failure value of q/p
could only be‘approximatle on account of the inaccuracies in measurement of )
the stress pafameters at large strain and would underestimate M bécause failt_:re
intervenes before the critical state: line. |
| The correlation between M and Az/'f based on results corresponding to
four different clays and mixed soils tested is shown in Fig. 57. A teasonable

nonlinear correlatiqn between M and Asz is evident.

4.4 Correlation of Earth Pressure at Rest, K_  with Electrical Parameters

If the material to be tested is purely elastic, K o will depend on elastic

properties (Poisson's ratio v) as given by equation (28), On the other hand, if
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the material is purely plastic' with no strength - such.as viscous fluid - it will

be erjual to one.
Ky = W/1v | . (28)

For plastic materials with strength, Ko depends oh the slope of the critical
state line (i.e. friction angle) and using Bounding Suriace Model Dafalias et al.
(1982) K | can be given as

3/2 i ____"2 (pR'P_O...; o o | (29)

QR (R-1)
where p and'q are hydrostatic and deviat-ion stresses respectively and ares given
by p = 0 (1+2 Ko)/3 and q = 0 (1-K o).l R is a material constant depending

on the shape of the yield surface and is usually assumed as 2 or 2.72 and

2 ,
2 (R-1) 2 2 _R-2
(P/Po) + T (Q/Po) "R (p/po) R
In reality, soils are elasto-plastic materials with viscous effects. As this
study is not concerned with viscous effects, we can assume soil to be, an
elasto-plastic material. For elasto-piastic materials Ko depends dn the slope

of the critical state line, compression index A and swelling index (K) as given

below
2 : , . -
]J (m-Po) K . .
3/2=—_—§(1+A—I-<Y) o . (30)
' ‘Rq (R-1) A= . '
where

(R-1)2 R-Z

Yy - (E)i ____plpo-(2-R)
P’ Repo/p + RR-1% g -
uzpz o

2]

5 and (p/po)? + Bl (A2 - 2 (p/po) = B
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Only isotropic. materials could de m§delled by the above function. Real
soils under Ko - loaqing are anisotropic due to the presence of p.aty type of
particles. As the degree of anisotropy increases lateral stresses under zerc
lateral strains decreases since low lateral stresses are associated wi.th parallel .

arrangement of particles. Therefore mechanical anisotropy has a marked effect

on Ko in addition to friction angle or the strength of the material.

Mechanical anisotropy could be quantifiécj by the electrical anisotropy
parameter A. Particle frict.ion could be guantified by the average shape factor
t as the shapg factor depends on the particle éoughness .Arulanandan et al,
(1979). |

The variation of K, with .consoli'dation pressure is given in Figure 58.
This shows that after a pressure of around 10 psi Ko value appréach'es a constant
value and remains around that value on further consolidation.

These constant vajues of K ° for'beach soil tested are used to correjate
with electrical index A’f and are given in Figure 5) (Meegoda (1983). When
there is no friction- or anisotropy, ‘Y‘o is a#umed as 1 and the lower limit of
K, for tine gr#imd soils is Assumed as 0.38 in deriving the correlation between

Ko and electrical index A"f.

- Figure 60 show‘s how Ko varies with the electrical index A“f for different
consolidation pressures for Snow Cal and 5% Montmorillonite. This result shows
that the plro,posed correlation is justifiab‘lé for consolidation préssurés grea:ter
than 10 psi. | |

S. In Situ Prediction of Stress-Strain Behavior of Cohesive Soils

Application of the theory of .plasticity has gained wide popularity over
the past few years for the analytical prediction of stress-strain relationship of

soils. The most notable and earliest of the constitutive models developed using

~ the theory of plasticity is the Cam-clay thebr.y developed by the Cambridge
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~ group (Schofield et al., 1963). The Cam-clay model can represent the strain

hardening behavior depending on the state of the soil with respect to the critical
state line. The verification of the Cam-clay model under simple shear and
triaxiai stress states has been carriedvot)t éatisfacforily. on soik that are "wet”
of critical state (Roscoe et al., 1968). However, this model has not been
demonstrated to be representative of the strain softening behavior of the so'ds.l
Yield surface, along with the normality rule, gives rise to prediction of unrealistic
behavxors of isotropic loading. This is due to the fact that the yleld surface
derived as the result of assumptions made in Cam-clay theory does not lntersect
the p-axis at the right angle,

Roscoe et al. (1968) moditied the theory by introducing an ellipse for the
yield surface and using normality condition. The size of this elliptic yield
surface is cgmpictely defined by the initial isotropic consolidation pressure, Py
and the slope of the critical state lire, M. The value of R, which is defined
as the ratio qf the mean normal pre.sstte.' Py At which the yield surface intersects -
the p-axis and the mean normal preisure, Py» at which the yield surface intersects
the critical state line (refer to Figure 61), is assumed to be 2.0, a constant

value. It is, however, desirable to be able to use different values of R in the

theory in order to be able to predict the stress-strain behavior of a broad range

of soil types. ° ‘ '

Numerous theories have since been developed to describe the stress-sfrair;
behavnor ol soils undef a general loading condition. Bounding surface plastncxty
model (Dafalias et al., 1980), cap mode! (Dn \hgg:o et al., 1971), endochronic |
theory (Valanis ct al., 197i), and model developed hy Prevost (1978) are some
of them. |

The bounding surface plasticity model has been developed to.describe a

generalized stress-strain behavior qt' fine grairied soils' under a variety of
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conditions such as normally consolidated and over-consolidated, strain hardening
and strain softening, monotonic and cyclic, compression and extension, loading
paths in the tension zone (i.e., the effective mean normal stress is tension),

etc. The verification of this theory under ‘some of the above condmons has

 been carried out satisfactorily. The value of R can be varied as requxred o

predict a given experimenta] stress-strain relationship, unlike in the case of -
aiticol state theory developed by Roscoe et al. (1968). When R = 2, the‘se two
theories predict identical stress-strain behavior in the case of normally
consolidated soils. | |

5.1 Bounding Surface Plasticity Model

The theory of plastxcxty, along with the boundmg surface concept and the
critical state concept, was used to develop a boundmg surface plastxcnty model
for the description of the stress-stram behavior of fine grained soils.

The bounding surface concept is that the plastic modulus of the material |
at a given stress state can be determined knowing the stress state, a distance
from a point on the bounding surface (defined by means of a suitable mapping
rule) to the point representing'the current stress state, a plastic internal variable
to accoont for the effect of past ‘loading history and the plasticArnodu,lus

corresponding to the pro;ected point on the bounding surface. The bouncﬁng

' surface and a radiai mappmg rule are. lllustrated schematically in Figure 62

where the bomdmg surface is shown in the space of Il (flrst etfective stress

invariant) -and J2 (second’ stres mvanant)

The plastic modulus at pomt B can be found by the consistency condltnon S

knowmg the functional form of the bounding surface. The piastic internal
variable chosen in developing the theory for soils is the integral of the plastic

void ratio, ep The plastic modulus at the current state, A, can be expressed
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'K=Kb+H(qij, eP) (31)
where K plastic modulus at A, Kb = plastic moduius at B, oij = stress tensor,
ef = plastic void ratio, 50 = reference stress, H = positive "shape" hardening
function of fhe state of strés. |

Knowing the plastic modulus, the plastic strain increment due to a given
stress increment Ean be determined through the plastic constitutive relation |

using a suitable flow rule as follows:

eij = <l_>ﬂ.lj | (32)

1 e
L,:k-okl My (33)

where eii = plastic strain increment tensor, -L = loading function, oij 'z stress
increment tensor and nij = direction of the plastic strain increment vector.
Assumir;g normality rule, ni is the unit normal to bounding surface at the
projection point B (Figure 62). The behavior of the material is elastic in
unloading and elasto-plastic in loading.

One cof the desirable féatures of this approach is that the plastic
deformation takes place within the bounding surface unlike in 'the c!assic'aL
plasticity theory where the behavior is fully elastic within the yield surface.
This feature of the model yields realistic predictions for overconsolidated soils
and under cyclic loading conditions, .The loading function L (Equation 33) includes
K tq account for loading dur?ng thle‘mstable behavior since .c'h My < Q0 when
K < 0 and consequently L > 0." |

The detail description ‘of‘the ‘theory could be found in many references

| (e.g., Da_faliai et al. 1980), The bounding surface used for soils is shown in tl;te '

triaxial space as in' Figure 63.




_of normally consolidated fine grained soils using bounding surface plasticity model

The undrained stress path of a normally consolidated soil can be expressed

by a closed form equation as follows:

A= - .
9. M 2R a-dh BT - @t (34)
Po -1 Po Po Po
where Py = isotropic preconsolidation pressure, P; = mean normal at peak value

of q on the yield line, R = materjal constant ='p°/p1.
_Since q, = Mpu at failure, the undrained strength of a ncrmally consolidated
soil can be expressed as follows:
| . A-x .
4y =Mp, R™ A (35)
The information required fo.r the predictién of the stress-strain behavior

of normally consolidated soils is A, x, M, R, & and Py

5.2 Application to In Situ Prediction of Stress-Strain Behavior

The model paraméters defining the bounding surface plasticity model can
be obtained using a set of triaxial test data by a trial and error procedure, i.e.,

the model parameters should -be chosen so that the predicted and measured

© stress-strain relationships are close to each other. A computer program was

(developed Herrmann et al. (1582) as described in the earlier section incorporating

the' bounding surface theor); in order to predict the stresses and strains. This

program was used to obtam the value of M which predlcts the relatxonshlis of

qvs. € and q vs. p (e 13 axial stram) as close to the correspondmg experimental
r~latxonsh1ps as possible, The values of "M" obtamed in this manner are correlated

with the electrical index, A 2/f as shown in Figure 57.

. A reasonably good agreement between the expenmental and theoretical
predictmns of stress-strain behavior of soils is seen from the results presented

in Figures 64-76. It is therefore possible to predict the stress-strain behavior
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if model parameters can be determined by in situ tests. In situ model parameters
could be presicted from in situ electrical measurements. Therefore it can be
concluded ti at if in situ electrical measurements (i.e., apparent dielectric
constants and condh'ctivity in the radio frequency range along with conductivity
of the solution extract) are made in situy, stress-strain behavior ahd in situ stress

state of normally consolidated fine grained soils could be predicted.

6. Future Work
It is broposed to invesfigate the possibility of the prediction of initial in

situ stress state using the electrical method. The prediction of in situ stress-strain

behavior of overconsolidated soils requires a knowledge of O.C.R. or

precons&idation pressure (Pc)'and the value of K o It is proposed to establish
correlations between the. mechanic;l. paramefers Ko' Pc and K and electrical
parameters in order to enalee the prediction of Ko' Pc and K in situ- where
K = K, 0.C.R.% (a =.45-.55),

“In this study, correlations between electrical and mechanical properties

have been established‘ to enable the prediction of stress-strain relationship of

normally consolidated soils. It is proposed now to verify these predictions.

Electrical properties will be used to predict \, k and M of normal consolidated

soils. These predicted mechanical properties will be used in the béunding surface

plasticij.y model to predict the stress-strain relationships. These relationships

will be compared‘with the measured value;. Sufficient number of soils will be
tested to establish .the sensitivity of the predicted parameters A, k aﬁc‘j M to
the variations,“between the measured and predicted stress-strain relationships.
It is also proposed to dei)elop a relationship between mechanical and electrical

anisotropy.
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Figure 39 - The relationship between the horizontal and vertical formation factors: :
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~ and the total porosity, n for Snow Cal + (30%) Montmocillonite
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Figure 53 - Variation of hter and intra Cluster Void Ratios with Tota.l' Void Rad;

84




50i1 No. Vert. Horiz.
6 s A 0140 .
5 X . .0104
1.6} 4 ¢ 0 .0063
3 ® o .0n
2 o] o .0058
1.4 + 1 " o .0092
1.
1.
-~

'Fig. 54 : Relationship| Between Intra Cluster Void Ratio and Tatal ,
: " Void Ratio for Soils of Different Gradient Swell Line . _

. 85




ﬂﬂv Oljel ploA [ej0}

PUR SPiOA JIN|D ﬁ 3) 1 pue ﬂov »3U] U2aM3q nz_m:ozu-ﬁ o - ¢¢ amIiy

, | Z = S1e5 sywopLouRUoW (%0€) + 2D Aoug Jog .soz

(9) oney :pioA ooy

02 1 | 0’1 0

9{uojjpsowjuoy (gog)

13137 o
3 18) moug

lwozyoy o

I3t O
! : !

(euoziio ¢ .
LN HUR swo.._ 1A
1wz @ -
1B}I0A @ T: 2_:.5..
- |Blu0zZiDy @ :
(®fYiep v 3 18] moug
{quozyoy a | (10§ pay
1R0A o | Sjj|Ashiey
JeU02I 0} o m e -
IBUBA x | (2] moug
jQuozioy A

il

w
o

(]
4
ol

st

(Ia) oney =p!6A 1isn|9




® Mixed Soils

'}
0'03,0 I 0 Saow Cai + [llite
o Snow Cal + Montmorillonie
A Yolo Loam
k Kooline -~ MP
« 0.025} x llite
w
=
'
(3]
< 0020+
)
]
S "
7
w
)
T ooist
o °
o
w o
a.
S
N 0.0|/0- L
A
® .
0.005}F
A Y A " Ly s e .

0 ‘ Q5

INTRA CLUSTER vomsnmm vmns (et/e)--

* Figure 56 « Conelatmn Between Swelling Index (K) and the Ratio of htu
Cluster Void Ratio to Total Void Ratio '

87




¥ 3/,V 'Xoput 120113097 eu3 pue

" ‘W'aUTT °3els TeoryTas oyy Jo ado1s ay3 usamjaq diysuoTietex eyl £ 914
; | | . B VA | -

- e i , 1°1: 3 08 sL oL g

X A

”.w -Gl

- 83

(%S)e11u11veg +(%G6) 10D Mous A “
. i STI0S paxIN X
119S pay 3]11AStiel O
(%0b)81111I+(%09) 109 MouS T
(%001) 91111 O

(19pop 330jung Buipunog 10} pauioiqQ)
W ‘3u17 240}S |D314HID o adogs




O Snow. Cal + lllite
a Snow Cal + (5%) Montmorilionite

‘ 4 | a Yolo Loam
L0 & Marysville Red
-~ : . x {llite
x ' \ @ Kaoline MP
= (9} O Snow Cal +(30%) Montmonilomte
é .
-
. 08 '
g Ky = 0.763.
8
o 0.7
= )
= .
‘:‘5 0.6.}-
- . /Ko = 0.500
g O X =0 AT0
g - ST - 0460
o ' > 3
R . 4 0.450
o4 | e ¢ Tl
0.3: 1 1 1 ] —
0.1 . S | 10 100 1,000

Lo! (p) in PSI

Figure 58 - The variation of coefficient of earth pressure at ret T
with oonsohdatxon pressure

- - ) . ’ - D
O K e :,’. S b ATy e T M
LA (L T ST LS SR S N
g T L o N :
o “o N - . e




o)

Coefficient of Earth Prossiue at Rest (k

................

...............

0| ! ~ oSnow Cal & llite

..............

e Snow Cal & (5%) Montmorillonite

4 Yolo Loam

-\ , . & Marysville Red Soil

® {llite

081 o ® Kaoline MP
SSnow Cal & (30%) Montmoriilonite

0.8 |-

04 -

i 1 | 1

0.2

F‘xgdre 3¢ . - The relationship between the qoe

0.} 0.2 0.3 0.4
Log (A%f)

at rest and electrical index A'f

fficient of earth pressure

___________




vusitiLisin Ul Caltl TIedWE dal nudl \IO)

/"0

Snow Cal & Montmoriilonite (5%)

04 |

03 F

0.2

0.1 1 ; L L 1 .
[ 0.1 0.2 0.3 04 0.5 0.6

“Log (A%)

Figure 60- The Variation of Electrical ndex A% and Coefficient of Earth
- Pressure’ at Rest with Loading for Snow Cal + (5%) Montmorilionite .

9].




Critical State
Line

Failure —% Undrained Effective
‘ Stress Path

v

i

o

-

: o
SN
e

4

N

(2]

n

-~
p=1 p1 ’pu o p

LR UL

o PR
“l "‘ " . ‘.'.
. . LI ) DR .

v=1+e '

! ) Isotropic Consolidation
Line, v=v, -Alogep

&<

Critical State Line,
v= ‘- Alo
I' b,.-- ! ! | . r. gep

:ttb\\; ‘Isotropic Swelling .

Liﬁe. ve v -Klogcrp

o o

o

Sece e Y, . eyt e
O T

f
oo
'
v

'
E |

K_Consolidation Line
vEy - alog.b

o

o]

. ff":"‘","
PO
R

* ot

p=1- ' P

,rig,él - The relationship between q, p and v for undrained
conditicns. '

92




jspow 3owpng Sujpunog  T9 Bid

L 38dIT13

(°)N

.............




. e /
3 /\/
4( \‘“
/
s} .07t
s | Litiesy e

HYPERBILA
© Cavpress.on ]

FLLIPSE 2
13 28 ¥, )




(1# t10S) diysuogje(ay d SA b (edy3au0ayy puy _,eucus_..,onxu

. (1sd) d
oy GE ot G2 02 61 ] S -
B | 1§ | T 14 n |
j
-
=
-
- Le2t33403y} ,----.,---
{ejuawiyaadxy -~——
[ a1 A L 1 i g

Sl

02

LT

0t

(vsd) b

79 "b14

w
(-}




R L T T S

et em t gm e cm————

(L# 110S) diusuojeay ujes3s-ssails (8243a.10ay) pue |ejuawjaadx) g9 by
(x)2 - .
1. 8 9 '
v v L
4
. - L]
b,
2 *
bl o
{estjauodyy ---- @ .{h\ ]
lejudwiaadxy ——— @ ' .
..“ - A -J




L el s & ST T s BT T Tl Y et e e

Twbs T o [ B

(z# L10S) diysuolie|3y d SA b |eJ133400y) puy [eIudwiLaadx]
(tsd) 4

[ 02 ot o

{@2133403Y}

R | : -A. T

{ejuswiadsdxy —————

1

(1sd) b

929

97

o+




" e 1 . coe e . v Lret et . .. - .
PO TN et ..... P ‘..m.,..-.....,... % S PR A S R I I R TER T LRI S R L R T IR AT REAE e
B I S S A -8 . % . -

(2# 110S) diysuoije|ay ujea35-ssauls [0I}3a403y] pue (ejuadwiaadxl : [9 -by4

(3)3 o . o . "

(221734034

Lejuawiaadx]




[T —

. RN K - . ' e e L. 7 Lt e I N L T S S ) T T IR

(€# L10S) dirysuorje|ay d SA b {ed133403yj puy |ejuswiaadxy : 89

(4sd) 4
oy (113 02 ot ’ 0
] ll ] ]

) ct
\ o .

(4sd) b

{e2133409Yyy =-=----
= (ejudwlJadXy ———m

‘b4




(€4 110S) diusuoile|ay ujealS-sSa43s (@}38409y)L Pu? [ejudwptadxy ¢ 69 64

] (%)3
6l ot g 0

L4 v |

(15d)b

_oopwosoo;» -8
02
ejuawiaadxy —— o

 ——r—ad

w-.l....l. , o=t

0t

.100

Loe®ams
)




{S¢ 110S) sdyysuojjeiay d m» b Lesj33403yf puy (ejuduyaadxy M

T oL 6Byy

- ._

0

(1sd) b

Le213340ayy
| eJuawlaadx]

oc




(¥ 1108) sdyysuojre|ay d SA b |e3}3a409yL puy (RQuawpaadx3 : 1z 63

0t

(4sd) 4 ,

02 o1 0

Led133408y)
{ejudwiaadx]

et et ——

UL 93e3S (ed;34i) —p

ot

(1sd) b

ne

ot




9 . )

(1sd)3

LB L

Led433403y) ---- @

Lejusujaadx3 — g

o 2.0




(9# 110S) mn¢;m=m—ucpu¢,n.mw b {e2}33.409y} puy L3 udwy43dx3

¢ g bud
(1sd) ¢ ‘ .
ob o€ 02 oL 0
4 T .
) i ot
Y ) 2
= 02 ~ . =
b=}
: < .
= .—m.uzogomﬁ, —meme— < Ce
{ejuawiaadxy )
1 N 1 ]




.... : ) (9¢ L108) diysuojIR (Y UPRII§-SSAAIS |©I113409YL PuR RjudWIIdX] . .R.. ‘Byd

. . . . : (x)3 : _ - | : S
X sl oL § 0 : .
. v | L § R ,~
M., , |
; L
i |
b -
m.“ ot

ﬁ." | . .

.f.. ! o0 m

- ﬂ R
v.. . M\-t.

. - [e2}33408y) ---- @ ‘

% . |ejudwpaadx] —— ¢ o : 4 02 ‘
\\ . : R - ° . . ) ‘ . . o
£ : . e \k.\- . | S
g L el o — — = Je o

Y T




Soil No. % of Sand

N w W N

20
17
17
87
87

Table |

Proportions of Soil Mixtures

% of St % Natural
clay
™ 6
7% 6
R 3
" (3
o 6
9% 6
106

% Kaolinite

% Mont.




€1000°

1£000° 12000° 0/000° 1Z000° €9000° 0000 99000° $9000° YZ000' 4/000° N
¥00°  €600° €00  9E0C°  Z€0O©  €€00°  9€00°  ZE00°  6500° 010 ZIO° %
a2 eI L1 oIz 10z sTer el aiz oz ser ez 3
26 W6 %6 906 96 906 - €26 66 996 8.6 OR6 P
WO© 6L s0° 260" <20°  $60°  sOI°  lo1t  fe" w1t e >
€200°. 2200°  6100° 6100° 6100° £100° €€00°  €400°  ZZ00'°  2300° €€00° .  Q
019 16T st 289 686" €8 €€y st oow 68T o ®
02 WO 0L B0 60T 66T 6EIZ 06z TIZ L6 e o
% ONS SR BB TR GBI WOL  E¥eZ  0C0E SZ'OE 61'0r w_q -
9 997 MTT 08T €8T (8T 06 €06 9 €9 SEL > =
ae  fe (6T 6w T 89T en e wig o sov e
VU7 %IZ STIZ 00°IZ 69°07  6WOZ  eC°0L  LTTT  OST6Z  9EAE  €0°Z8  CuGD Jaem -
- | - , , , - - (%) "nseaw )
WIZ 9TIZ STIZ 1071Z 69°0C - 6WO0Z  SE0Z  68TZ  6WET  %UE  SOTY  USD sanem
CGIITT SET SN MIR6  SL6T €96C W6 €966 wIve 9T 61I'1 (15d) ammaxd
n o1 6 g L ’ < ' € Tz 1 ’
| (MRWANSSN [SRINA) )
1# Nos 04 SNIurRMg [3poR [WIN0 paaTwRdO ¢ . MqeL
R I
vvvvv N K — TR 1 P IR | | P TR PO R sy I




69°1C
611’y

4]

L200°
20°42
€56
sor°
9100
33
€9°1¢
"2
e
[{{%

L/ 14

LI
9¢°
1

£9600°
L200°

e
11
44N

6£00°

L

ccUie

4 WA
or

11y

Lt

a1z
41X
ol

£9000°
$200°
961
"6
e
*100°
s
60 1¢
612
1%
sz

91z

L6°07
Vg6

6

$200°
1¥1]
€6’
os1’
L100°
e
TR [
0’82
e
4

wiz

£9°02
cL'61

(uUSwasmeeen [wUOZ|I0H)

0£000°
$200°
1% 1]
646’
oL
9100°
6l
0z’ 1€
wa

it
€Tz

6£°02
€9°6¢

99000°

$260°
"Wl

661’
Lo’
€8
A N11

€9°82

éL€’
oI

Wit

62°02
LLN Y

€9000°
$200°
66°81
6%6°
(730
%200°
sis°
L i9 11
n'sz
e’
1114

812

Lt

€9°6¢

3:88&5!.5.33335:8 :

'£9000°

. 09000°
2€00°  0€00°
€1z 6I'
19 . 16
€0 a1
0200°  0200°
s€L 8w
€O'EE  €6°€
19°27 1692
MYy e
1A T o
0097 99°6Z
1097 N6z
SL6T N6
" €
¢ dqel

$9000°

-¥400°

344
e
o€z
1500°
"y
90°4¢
64'9
({5
e

¥9Ee

. 09°¢e
€e8°Y

b A

600" x
00" %
*“'9z 4
36’ p
€9 >
€co’ T .
 [{ ol .

o - ™
1642 12
ar %

oy 1

(%) ‘M
€08 U JNeA
(%) “nseow

9C 14 . °ucoO JIjem
6111 (1d) o.!a»x_
| '

108

PR A S B I R I ]

e Q.’ms‘-.




“g100°
19
113
960’

N
e
80°61

6T .

(14N
6<°¢1

b 1
611°1

4

6100
oz'zt
16%°
I’
175
w2l
20°61
1o¢°
c1y

1A% 4]

A N1
%€t
n

£100°  9100°  9100° 9100° 9100°  6100° 200"  $200°
921 6611 11 91T ST 991t sETt  Iwel
2ee 188 R 1st L16 L16" 9T6" 846
€60'  €60°  s01°  €60°  £1° %1 L1t s
1000° §0000° 1000° 1000°  6€00°. ©0100°  1100° 0000’
TSN T VAR 7 SR T YL { AN { TANN - SR - [
R I 2 LI L% LR N (Al LA St B/ 2
60°61  %0°61  60°S1 6061 OL/L1  TELl  £Ead e
162 €6 1€ w6 09€°  1€et  0%€" e
611 I o go1° €500 %01 BII %N

BTG 60T AG'ST (81 TKT 9T 0981 99°61

$2°61 KT . €601 /8N 8Nl 2691 2981 €L02
a8y M6 SL6T €9°6E W6 €Y6E  SL6T wIT6
ot 6 s L 9 < ' <

) (uawasmseoyy [EO3I0A)
T8 NS 104 ssIWemd [spoy [ENN2F pezjwpdo 3 - Aqel

- 1€00°
66°91
896°
LTAN
1000°
sy
{3t 4
%0° L1
nee
16¢°

£€°eT

8¢°€Z
9€°2
4

€9000° 99000° 29000° €9000° 9€000° 6£000° 19000° 19600° 0£000° Z£000°

0£00°
28°81
096°

o

€lo0°
os¢’
s Yot 4
na
(3%
{220

49°8Z

€9°8Z
611°%

¥

o M

-




4£000°

$600¢C°  9C000° /£000' 9C000" 9C000° 0F000° 9C000° 400" 79000° €9000° 49000 2£000° *x

4100° 100"  £100°  £100° ' 9100° £100° £100° $100° 0200 1263° €200°  $(00° 1e00° - ’x
ST INET el 0 0Tl 491 €I T wnl seTl evel wo gm0 o

O L O A U P TS U % % e 8 ’

2] L 7T U TS LR 73 DR T O oYy aNr ur o «Mr oar o« nr o«r o ] o
$0000° 2000° 1000 €0000° 1000° €0000° Z200° €000" €000" IE100° 6000° 9M000° 900" e =
6 Y KT 4r o« e e 13 TANN | VAN | VAR 71 M { S 7. 2B .

AL At ATt B X AR T Y s 1 WR LT YR Wi W6l W €0°1¢ W P
W SO L 0N N 169 Wl 6N €01 066t L LI 5 1 B ) R

LU T 7 S . S Y7 L 77 LI 77 SR GNP PP CRpPI 81y ey %

U ur wur o Kt onl' 660" M1 gzt s (T4 M 4 M 7/ o _,_o ,

_ - . . . - T (%) o

OF91 8991 WO . L9 659 S0 S5U1 6181 9061 86T W2 W’ QU v sanea

o€l O6C1  SCCT 2T %061 1061 BENT €91 svsl ssor €6 e’ e .uuo nea

$I) 9T go0 M6 U616 w6 (YK U6 Mige oty 61T -g05°  (md) amesasd

) u n o '] ] ¢ ’ (s ) « t 1 ’

QuUesemsIey [RjuoE)IoN) i
0 N3 o) sumswesng jepey (OIRe la_..._to ¢ wuewy
]

o . ‘ . N




19000°
a&00°

4.
6o’
8100°

oy

nw
i g (4
“r
(¢4
a€Tie
7wt
1%y
L1

200°
”®el
£@$He
%0’
1100°
«©y’
we
”ae
“"r
1.9

L1

0°'1t
”°?
4]

0500’
wi
”2¢
660’
9100°
26y
w2
(1814
o
“r

wwor

Lot
oty

4

€6000° 0%00° 0%000° ¢€9000° €%000° 1%00° €9000° 1.000° €L000°

900"  L200°  £T00° NZ00° E£E00°  Z(0O" €WOO°  %C0O0° 900"
WIZ /0T LFET M6 0T e 1T (verl - st
"¢’ €ce 1%’ 06 . o (14} 8®e €%’ e
60’ L[5 660° €60’ ({1} 601° (41 i er
£100°  8100° 100° 4300°  TCO0°  €100° 6100 9100° 900"
4 1220 149 {7y ay “®©e Ly o’ 204’

s e wwu vwee u...«n ¢ s qaun wu

4000 $6°'87 €68 W M IV M Il Mwa
"0 @ur ar wr ”¢ "we iy ($10 (240
"z ose’ o9’ ur 214 " o ne 0y

-m.g 61°02  €6°61 3R 6FET INET BT LBIC €91

490 B0 %6761 6€°61  TITT BICT OB AMIE TYC
MT6  C2°61 (%6 896y €%6E 61 eite o ”e

1" o1 ¢ _ ¢ ’ 'S '

(unwasaseeyy [ORNW,)
€4 NOS 204 SIswreIg [3pON [ENANGF pexrwidD ' g aqe)

€2000°

o10°
%'

. e

”°
€100°
ue
L 4
w'a

”’<’

o

o
sy
't

61000
200° ‘n
wor o
- N -
“r 3 =
1o e
2 .
se22 e,
”ne , .8
oy »
- 258 e
" (%) "ro|o
8900 - Voo smee
(%) ‘Tesow
060y UoO snva
0 (89 amemasd
' ’
. _




. N N Sr b e | I AT LAERA W | N - RO BT et
$5000° $£000° 09000° €£000° &£000° Z9000° €9000° £9000° €L000° 99000° 6£000° €/000° 9€000° 100" s
£200°  6200° $I00° 400" €200 920" £Z0O°  €200° €COO°  €€00°  1%00° §000° 8000 €900° " “x
ST €0 CECT 20TL CL0Z C10Z S°0Z  SWOZ  9IMLZ G6BNT  INEZ - 65°IT MIBOC 66iIE ’
KE UE e 6 ME W6 e 66 06 K6 86 0e o e ’
680" 960" 011" 11T 41T B91T T 6et 61 W %6t %61t L0 gen >
§100°  1700° 1100° (100" Z100° €100" 0000° €200° 1100  1000° 1Z00° ZIOO° 000"  #DOOO" 9
016 €06° 688" LN 6B I L S 01 e 1W O €6 &6 .
WIC WK 0916 09IC o616 CIC B60C  STIEC MOC oW SIEE ZTEE T L6°5€  €C°DE i,
$6°SZ  OU8T  SEI OYBL BT IWEL 6vOE  CTST LT SI'SZ 69°0C  88CT  II'BT €56l w
0O ' ow 06 NE I L0 0" I8¢ WUCT I e &y 1% - %

NE ME G 806 . G T T W 2 e NE s 9w Ke L . 4

, : ) ™o
CIT GBI 91T M1 OIT ORIZ LI GE°TT €69 (TS €YU 00°6E  BITLE  SO'ZY VOO smea
) a g ‘NP
60T OUIZ €40 €90 4¥0Z  ZTOZ {00  S1TT %W TELT ICCIE 00°CE  €ORE 61Ty VOO seqea
ST 9T o0 MITE SL6T €966 WD €Y6E K6 MITE ety 9T 61T 9060 (wd) ammsaad
L I 1] u " ot 3 ] ¢ ’ $ . < t 1 N
€0 NS oy timawesmyg fepom TANNG pexpdD

by )

Y I N A A N




..-.— " AR N RN ~* PR .‘-..n.\. Y, ......\....r .....-.L oo — P.‘..., ...-w ._.... _ - ....c-... ..“-..\...- ....... ‘.....-f...-h — B -, A —4....-|o...n-.t. PR I LS. U RO
LI IR R N o e . o P . . o

SNA 65000 £5000° $3000° [9000° [900U" 29000° €3000° #9000° 69000° Z[000° (000" 9000° 1$000° s
o

€200° 0200° 1200° 000" 000" 0Z00° 6100° €ZOD" 4Z00° $400° 600" OCO0° 9600 %
EECT SYO 49091 09T L €991 ITGL G0l 10°CT a6l 60 LE6T STRI TRl 1Tl %
W4T 66 68T 06" M 06" €06 16T N6 w6 v 1% €6 ’
£ WO €60° 207 0T 60" 60" o1 LO1° TV L IS €T v > =
6omWu"  11000° €1000° $0000° 11000° 6€0000° . 1000° €100° 2100° (00" €£00° O100° €£00° 000" Q -
L (O LT A £ TS 1 { S { A {1 S [ 7SN { VAt L' A | A I & »
S KR NI NBT e'ST <981 BYBI 60z 0T €0TIZ  SOIZ /€12 €I STeL i -
w32 NR wu W o’ QW M’ Wi w1 S0 I 6T 640k T
W I T U M ST Ul MU G 0 e ¢y . e
AR TR M L V] L 14 Y < A 72 R { | LU | (A 2 S 2 S 11 o '
i ‘ %) “rore
169wl E8C1 69T aEl 9ECT ST 16N M6 LTI (ST C0CT 66 WTE U asea
© o (w) ‘mevewm

) aCM  00°91  ERET BYIT LWl SCEN 9VCT 0Kl Te'9T Ol 02T 10°ST  L6°[T  NIGE Ve imea
BB ST %L SWEY IR 6T €90 WS €966 S6t 8ISE vy %2 T 905" (d) saasaxd
. 1] ) " ol ¢ '] ¢ ] ; R 1 H

oF 1105 20y SImaweIg [poyy fEIAOW] pexpedD ¢ g ey




€9

oT'n

1]

0200
46°'N

[£4M

(7i 3
”n
e
(424
1o

w'"n

§9°'91
(N

4]

26000°

€100°

wa

(102
L1 M

ur
10°92
'
114
(124

wrn

”<l
”°l
L]

65000

0200’
e
9%
oer
T0200°
7 o
06°¢?
nn
{4
161°

99

L4
ory

o1

6£000°
6100°
€'
e
st
10000°
us
L B 1
€«
ur
(1

| T4 ]

6°¢1
L1} 4

66000° 09000’
0200° 6100
NEI  gvel
" 2
0w g
21000°  #1000°
“er cw
w6z oss
e %0z
e
L 11N
W wun
X ¥1
S61 €96
) ¢

@iigg
0 No 04 Umswesng [Bpopy (SR perndD L ¢ By

6100’
ozc!
e
oo
1100°
5«
€€z
oz
ae
wr

0N

({41
"we

1£000°
oo
$9°Ct
e’
”r

o
o
56l
@
T

"

9%0°¢1

-€9°6€

€000’

L2l
11
cer
ti100°
cos’
“wae
{28 ])
®ee
”i

o1
L1k X

)

6000°

- §€00°

L1 1]
19¢°
@
-6330°

”oa -

wa
1112

e

00°82
”°T
4

£€8000°

wsl
(713
-

€200° -
XL

@ie
”°"n
e
nr

"
1'%
205

.—.ﬂz i‘. P ‘» .h‘h‘.

(%) ‘o1
weo 30194
(%) ‘Tovaw
‘U0 JNeA




T9000°

4€00°
8112
9¢é6’
31N
Z800°
0¢9*
€9°€Z
99°82
si€’
387"

| £ Ax 24

61°zz
611°1
A

29000°

€€00°
zo'st

L46' -
€91°

6000°
1 13%
0L°€T
99°8¢
1 71%
wr

€6°12

L6°12
9€°Z
"

£9000°

2c00°
$9°€2
11313
€30’
£000°
949°
€9°¢t
€9°82
90T’
LH€°

we

€L
1418

0%

29000’

1€00*
6€°61
1113
114N

%100°

(XA N
89°¢Z
$9°82
Tee’
JeA

€12

({414
186

6

29000°

1€00°
0%°0Z
e
611
€000°
1€9°
N1
.82
(73
7

66°02

60°1Z
733

19000°

1€00°

6661

146°
{18
$000°
0.9
6L°€2
A 3 14
1{%
0sT

9L°0Z

2oz
€9°6¢

L

89000°

6200°
T2
8¢’
b 1N
zooo*
livy
LL N 14
19z
L1
ne

€0°02

19°02
69
o,

(AUIWINSTINY TEONINA)
C# TOS 204 SIAweiRg [Ipoy e pezUnRdo

5 ..........,... N .ﬂ. ~ “

£9000°  29000°
1€00°  6500°
60°02 112
uEe 96
TS GO T2
L100°  %10°
69" €05
6°€z vz
6697 €92
e ey
c9r oot
9T (R
97’6 089
€9°6€  SL61

< "

0£000°
1o
8¢ LT
156°

- o
€€0°
t{{%
80°62

- 09°92
064"
{1%

14911

€Cne
IR
1

€1000°

o

ot
6.6
0T’
000°
1119
€0°¢Z

8¢9z

L
L 14 %

60°9%

90°9%
611°Y
I 4

01 qul

000" %
9600° 'y
£0°1¢ 1
126° p
061 3
800" q

925" .
20°c2 s
65°92 3V =
s %
e L

| (%) “TOI®
06’8y U JaeA

(%) “nseow

63°3y U e
goc: (1sd) aunssaxd
1 ’

PO

0
-

.-'
TN

-
- 9‘&5'

te et ..
a®ate® ey

.'.: "‘h




£9000°
6200°
%0°1Z
156°
ar
0100°
s
69°0¢
$2°¢¢
09z
(112

1oz

e

6t
n

£9000° £9000° £9000° €9000° $9G00° €/000°

6200°
L1 9 (4
846’
1zr
4000°
8.8°
74h°0€
LI 1
8¢’
474

92°0Z

912z

9z
o1

_620¢C°
S1°HZ
143
LL0°
Zio0°
126
69°0¢
99°0€
981"
8ce’

20°02
16°12

1318
6

6200°
7€°02
6h6°
1N
. §000°
9"
(2404
€N'HE
18z
o

€@z

L4 A
113 4
s

2£00°
cH1Z
1113
ter
£400°
141
$6°62
1€°%¢
182°
| [ Y44

{87
912z

SL'61
P

6200°
8481
96’
L[10
000°
1413
#1°0¢
€Tt
80¢°
LT

90°0z

08°02
€9°6¢
9

€000
€€00°  $€00°
YA PN X Y 4
496"  996°
9z 1
9200°  L%00°
ML 469
1€°5€ 8¢
€86 16T
(1’4 M 91 &
o6 €%
1 1o
94T #8°0C
SL61T 416

< "

(UMW ISRy [WMUDZ)I0H)
C# TOS 304 SINIWTRG [3poyy [WOINING pazfwnRdO

%£000°
9%00°
095z
"6
8
€200°
€2y
0€°sE
£9°s2
6ng°
<6e°

ey
L't

8y
€

1 sqey

.

4£000°  $6000°
2600° - 1900°
W osue
86 636’
K17 AR (1 5
7z00°  4200°
6ss  Tew
K L%
wuse eve
"wer s
%y - 89
0 I 1 {4
V0 16°0S
%2

1

(%) "o
‘U0O J33%A

(%) -nseaws
‘UC JINa

805" - (wd) anmaud
"

116

a> oy

. -- .-\ .>~
VLSS

-
LY

-
S

Sl

R R

A




£9000°
%00"

. &IE
«©e
20°
w200°
.ug
Nz
$eve
oo
191y

0N

({944
11’y

€1

e

.260°

€200

19¢°
68°12
£9°1¢
ar

6€°00

A9 14
Vts

1

o8 NVS 104 SImewesd [SpON 14D

z2000°

(30 14
e
940"

cor
(¢ 214
s6°1€
161"

) 14

(1 0 4
L6l

04000

00"
6t
s’
. 50.0,..
*200°
8¢

66°12 -
- 20°TE

o
9’

[A 214

14 N 14
€9°6¢

79000° 0%000°
Ao0° €200
gEvr €SN
T A {{
s : 680"
0€00"  1€00°
168 306
it Y
g8z YN
wr ur
g9¢" oy
74 2 2 {4 ¢/
ez 1'%

wey €9°6¢

Ai’_li

£5000° %9000’
oo Mo
vz w
19 088’
se0" W91
100" 660"
(06" €€
YT & 1
o T (314
wr W
we o
W S
wer  W€C
sr61 T
’ s
eonIes)
pesrwpdo

93000° .nnooo.
o’ €20° -
€e'Lr 00°0€
wse N
W o
woo'  000°
CYS I T4
o'z (YN
69°fe (4 211
65’ [ {2
{1} 126
(€ (S 81 ]
Wit SUWw
geg'y %2

L] €
Z1 =mem

.o’
“€e

s

| 6400°
A
R

(3211
€6y
(3. %
e

e
61t

€0
TR {1
9%
iy
8w
o
%17
T4 (3
ey




B 1/000° 21000° Z:000° 2L000° 12000° 2/000° ZZ000° £/000° 6€000° 1100° 09000° [%000° 6[000° 22000° 038..

|
g
. 900" 900"  €COO'  9600° 00"  €€00°  €E00°  €O0°  #CO0° W00  €CO0" 600"  €900°  ZIO* 10" 2
X WIS STIC 21IC IE06 16T SIGZ I'ST 01T 66T IS0 I80E  WIE  LTEE  ev'IE  oLe i
b, &®$e €«<e {13 €6’ t{{ 6£6° ”©e’ 16’ 7”6 ote’ (e '066° 973 ’e’ 1113 {4
g . L O LA - L 71 ™ L V1 > 0
1¢ TI0O'  6000°  €Z00° 9200° 000"  [Z0O' £000"  €20°  1000° - €00"  /IO°  00O° 60" 910" 910" . ~
. ¥ BEOME AT e M G F 6w 96 006 %Y €6 zzv oI v
1 GVIE 6EIE BCIE WIC TIC IE  ONIE 9T evsc 96°TE. 0% UE were - e e ™ |
3 | W U (U QU STU WL W R CIh W0 6L) L6 ve - ok wer N -
] L L L 7] N 1 1 S {2 S < GO D7 TSR 7 SR ST %
: S 1% % I 06T %6y 1IN 08 IS 9 9 00y - &% e 1w e
Lo o . - (%) ‘ore
L WG €T INGZ LN N 0N BT 69U LW €W INIE 1€ W IS UOO Jajem .
‘ . . - - (%) nevou
. | 097 WL GCT OGZ  SUW T 10T UMEZ 0SIT W0E  GLEE  6VLE  ZETY YW CETE UeO sajem , .
3 06T GIT 9T Sa'e NIS6 61 EY6E w69 €96C  SL61 MISE e 9T 6l soct  (md) amesesd B
M g a un o 6 s L 9 ¢ ' ¢« e v e

_ - 94 NOS 0 ssnaureieg japow (AR pazrwRdy o €] Wqey . :

€’
",

ey

--
NN




TwmTave

e

PTY LT PR v S LI St v N SO O
M‘...,..“.....— q.. ....-...- AN n«,...--f.-...An.... %

.




